The eukaryotic translation initiation factor 4E (eIF4E) (the cap-binding protein) is involved in natural resistance against several potyviruses in plants. In lettuce, the recessive resistance genes mo1 1 and mo1 2 against Lettuce mosaic virus (LMV) are alleles coding for forms of eIF4E unable, or less effective, to support virus accumulation. A recombinant LMV expressing the eIF4E of a susceptible lettuce variety from its genome was able to produce symptoms in mo1 1 or mo1 2 varieties. In order to identify the eIF4E amino acid residues necessary for viral infection, we constructed recombinant LMV expressing eIF4E with point mutations affecting various amino acids and compared the abilities of these eIF4E mutants to complement LMV infection in resistant plants. Three types of mutations were produced in order to affect different biochemical functions of eIF4E: cap binding, eIF4G binding, and putative interaction with other virus or host proteins. Several mutations severely reduced the ability of eIF4E to complement LMV accumulation in a resistant host and impeded essential eIF4E functions in yeast. However, the ability of eIF4E to bind a cap analogue or to fully interact with eIF4G appeared unlinked to LMV infection. In addition to providing a functional mutational map of a plant eIF4E, this suggests that the role of eIF4E in the LMV cycle might be distinct from its physiological function in cellular mRNA translation.
In the case of obligatory parasites, such as viruses, the absence or inadequacy of a single host factor may lead to the inability of the pathogen to multiply or to systemically invade its host (76, 79, 80) . This implies that the dominant alleles of the host genes involved are associated with susceptibility and that the recessive alleles encoding nonfunctional versions of such host factors are associated with resistance. In the case of potyviruses, it has been estimated that about 40% of the known resistance genes are recessive (53) .
The genus Potyvirus is one of the largest and most diverse genera of plant viruses, and its members cause severe losses of many crops, particularly vegetables (72) . The flexuous potyvirus particles contain a single genomic RNA molecule of about 10,000 nucleotides encoding a polyprotein that is matured by three virus-encoded proteinases (59) . The genomic RNA is polyadenylated at its 3Ј end and is not capped at its 5Ј end but is covalently linked to a 25-kDa virus-encoded protein named VPg (46) . Among host-encoded factors required for potyvirus infection, the eukaryotic translation initiation factor 4E (eIF4E) and/or its isoform eIF(iso)4E has recently been demonstrated to play an important role. In Arabidopsis thaliana, disruption of the gene encoding eIF(iso)4E results in loss of susceptibility to at least four potyviruses, Tobacco etch virus (TEV), Turnip mosaic virus (TuMV), Lettuce mosaic virus (LMV) (16, 32) , and Plum pox virus (14) , and disruption of the gene encoding eIF4E compromises susceptibility to another potyvirus, Clover yellow vein virus (68) . In crop species, several natural recessive resistances against potyviruses have been identified, and all were correlated with mutations in genes encoding eIF4E (for a review, see references 28 and 61) . The pvr2 locus in pepper, mo1 in lettuce, and sbm1 in pea confer resistance, respectively, against Potato virus Y (64) and TEV (27) , LMV (48) , and Pea seed-borne mosaic virus (18) . The barley rym4/5/6 resistance genes to various strains of the bymoviruses (belonging to the family Potyviridae) Barley yellow mosaic virus and Barley mild mosaic virus were also found to be mutations in the eIF4E gene (29, 73) . Furthermore, the nsv locus in melon that confers resistance to a non-Potyviridae, uncapped, and nonpolyadenylated virus, Melon necrotic spot virus, also encodes eIF4E (51) . Simultaneous mutations in both eIF4E and eIF(iso)4E are required to prevent Pepper veinal mottle virus infection of pepper (65) . Using the yeast twohybrid system and enzyme-linked immunosorbent assay (ELISA), it has been shown that the viral genome linked protein (VPg) of TuMV interacts with A. thaliana eIF(iso)4E (75) and that a VPg mutation that abolishes this interaction is associated with a lack of infectivity of the derived TuMV in its natural host, Brassica (33) . Yeam et al. (77) recently showed that a critical substitution in the Capsicum eIF4E causing loss of interaction with TEV VPg is sufficient for resistance against TEV infection. Charron et al. (11) recently provided evidence for coevolution between pepper eIF4E and potyviral VPg. The function of eIF4E and/or eIF(iso)4E in the potyvirus cycle is still largely unknown, but the negative effect of natural mutations in these factors on the accumulation of various potyviruses in various host plants suggests that it is probably conserved (61) .
In lettuce (Lactuca sativa), the only resistance genes currently used to protect lettuce crops worldwide are the recessive allelic genes mo1 1 and mo1 2 . The mo1 1 gene, formerly named g, was first identified in Argentina in a Latin-type cultivar named "Gallega de Invierno" (5), while the mo1 2 gene, identified in Egyptian wild L. sativa lines, was named mo (66) . Initially considered identical, these genes were later shown to have different specificities and to be either allelic or closely linked and therefore were renamed mo1 1 and mo1 2 (15) . They have recently been cloned and sequenced in our laboratory (48) . The resistance alleles mo1 1 and mo1 2 , as well as the susceptibility allele mo1 0 , were found to code for forms of the eukaryotic translation initiation factor Ls-eIF4E in lettuce. Types 0, 1, and 2 of lettuce eIF4E were named Ls-eIF4E 0 , Ls-eIF4E 1 , and Ls-eIF4E 2 , respectively. The type 0 sequence corresponds to that found in susceptible lettuce (Trocadéro and Salinas). The type 1 amino acid sequence (Mantilia and Floribibb) is characterized by a deletion of the triplet QGA at positions 108 to 110 and replacement by an H residue. The type 2 sequence (Salinas 88 and Vanguard 75) has an A-to-P substitution at position 70 (48) .
The recessive alleles mo1 1 and mo1 2 at the mo1 locus are associated with reduced and symptomless accumulation (tolerance) or absence of accumulation (resistance) of common isolates of LMV (15, 19, 66) . The result of the interaction, resistance or tolerance, depends on the virus isolate and genetic background (52, 60) , but mo1 1 is generally associated with resistance and mo1 2 with tolerance (9, 20) . In order to identify which eIF4E amino acids are important for the virus cycle, we set up an experimental system by which the role of eIF4E in the virus cycle can be dissociated from its physiological function in cellular mRNA translation. It was previously observed that eIF4E from susceptible lettuce varieties (eIF4E 0 ), but not defective eIF4E variants (eIF4E 1 and eIF4E 2 isolated from mo1 1 and mo1 2 varieties, respectively), is able to restore LMV susceptibility when expressed ectopically in lettuce plants carrying mo1 1 and mo1 2 (48) . We used this property to assay the effects of various amino acid mutations on the function of eIF4E in the virus cycle. The mutations were chosen based on the predicted three-dimensional (3D) structure of lettuce eIF4E, so that they would affect amino acids involved in cap recognition and eIF4G binding and surface residues close to the natural mutations associated with potyvirus resistance in lettuce mo1, pepper pvr2, and pea sbm1. The ability to complement LMV infection in mo1 plants should be affected for eIF4E mutated at amino acids required for the virus cycle. Therefore, this assay should allow an evaluation of the roles of various structural and biochemical properties of eIF4E in the potyvirus cycle.
MATERIALS AND METHODS
Plant material. All lettuce (L. sativa) plants were grown under standard greenhouse conditions (16-h day length; 18 to 25°C) with additional light from 400-W sodium vapor pressure lamps and were maintained in insect-proof cages after inoculation. Genotypes with no mo1 resistance allele (Salinas and Trocadéro), carrying mo1 1 (Floribibb and Mantilia) and carrying mo1 2 (Salinas 88) were used in this study. Trocadéro was routinely used to propagate LMV. The pair of lettuce genotypes included in this analysis, Salinas/Salinas 88, is nearly isogenic for mo1 2 (25, 67) . Site-directed mutagenesis and viral constructs. The eIF4E coding sequence isolated from susceptible lettuce (eIF4E 0 ) was cloned into the vector pENTR/ D-TOPO (Invitrogen). This recombinant plasmid was used as a template for PCR amplification to generate point mutations in the eIF4E sequence, using the QuickChange site-directed mutagenesis kit (Stratagene). The mutations introduced were W64A, F65A, W77L, R82L, E91A, Y113A, W123A, G156A, E157A, R173A, A174P, W182A, and S223L, where the first letter indicates the residue in the wild-type sequence, the number gives the position of the amino acid in the full-length lettuce eIF4E sequence, and the second letter indicates the residue present in the mutated protein.
Each of the mutant eIF4E cDNAs was then cloned independently into an LMV-derived vector (19) in such a way that the recombinant LMV carried an insertion of the eIF4E coding region in frame between the P1 and HcPro domains of LMV, with a NIaPro cleavage site resulting in the addition of 8 amino acids (PGDEVYHQ) at the C terminus of eIF4E and 5 amino acids (SDVPG) at its N terminus after in vivo processing of the eIF4E protein from HcPro (48) . In the nonrecombinant LMV vector, the introduction of an artificial NIa cleavage site led to an HcPro with a slightly modified N terminus, which did not affect its biological properties (19) . The LMV isolate used, LMV-0, is unable to accumulate and produce symptoms in lettuce varieties with the mo1 1 or mo1 2 gene, but insertion of the eIF4E cDNA in its genome (to obtain LMV-4E 0 ) restores full infectivity in such varieties (48) . The nonrecombinant LMV vector and LMV-4E 0 were used as references throughout this work. Lettuce plants (Trocadéro) primarily inoculated by biolistics (Helios Gene Gun; Bio-Rad, Hercules, CA) were homogenized in 25 mM Na 2 HPO 4 containing 2% diethyldithiocarbamate and used to rub-inoculate assay plants as previously described (58) . Symptoms were monitored daily, and the leaves were harvested for virus titration 15 days postinoculation (p.i.), which is the time point when symptoms and virus accumulation in susceptible plants reach their maximum. The infection parameters were compared within rather than across experiments. Reverse transcription-PCR detection of the viral progeny was performed as described previously (31) , and the identity of each progeny to the mutant inoculated was assessed by restriction and, in some instances, sequence analysis. Semiquantitative double-antibody sandwich ELISA was performed as described previously (19) after 10ϫ dilution of the plant extracts, so that the relationship between the A 405 and the antigen concentration was linear.
Expression of wild-type and mutant eIF4E proteins in E. coli. Using the Gateway Technology (Invitrogen), each of the mutated eIF4Es, as well as the wild type, was transferred from pENTR/D-TOPO into the pDEST17 destination vector, to allow production of N-terminal fusions with a six-His tag. The constructs were introduced into Escherichia coli (strain BL21-AI). Cells were grown at 37°C to an A 600 of 0.4 in 100 ml of LB medium containing ampicillin. eIF4E expression was induced by addition of 0.2% arabinose and continued for 3 h at 30°C. The bacterial pellet was frozen and suspended in 4 ml Hex buffer, pH 7.8 (20 mM HEPES/KOH, 1 mM dithiothreitol, 0.2 mM EDTA, 0.2% Tween 20, 15% glycerol, 0.4 M NaCl). Lysozyme (0.5 mg/ml) and phenylmethylsulfonyl fluoride (1 mM) were added, and the cell suspension was maintained for 45 min at 4°C with gentle shaking. The suspension was sonicated and centrifuged (100,000 ϫ g; 1 h; 4°C), and the supernatant was incubated for 45 min with 100 l of Ni-nitrilotriacetic acid Sepharose CL-6B (Qiagen) equilibrated in Hex buffer. The beads were washed extensively with Hex containing 10 mM imidazole until the A 280 reached a constant value. Proteins were eluted twice with 200 l of HEX containing 250 mM imidazole. The His-tagged protein fractions were pooled and diluted in 1.2 ml of buffer A (20 mM HEPES-KOH, pH 7.5, 1 mM dithiothreitol).
The expression and purification of wheat eIF4G will be published elsewhere (K. Browning, personal communication).
Cap-binding, eIF4G-binding, and VPg-binding assays. To evaluate their capbinding abilities, the Ni 2ϩ -purified eIF4Es were subjected to m 7 GTP-Sepharose affinity chromatography. After calibration of the protein concentration, the proteins were incubated with 100 l of m to changes in their environment upon ligand binding. This feature was also exploited to quantitatively monitor the interactions between various forms of purified eIF4E and their ligands, m 7 GTP and VPg0. All spectra were acquired at 25°C on a Safas Xenius spectrophotometer (Monaco). The excitation wavelength was set to 280 nm. Measurements were made in 1 ml buffer A (see above) containing 100 mM KCl and 10% glycerol. The concentration of eIF4E was set to 0.5 M. Tryptophan fluorescence quenching at 337 nm was monitored as a function of increasing amounts (0.005 to 5 M) of ligand (either m 7 GTP, pep4G, or VPg) in the mixture. For each concentration of ligand added, the fluorescence value retained was the mean value from 2 minutes of collection. Dissociation constants were deduced from data sets including at least three independent titration experiments. Bovine serum albumin (Sigma) was used to control for nonspecific binding. The dissociation constants were deduced by fitting the raw data to the simple interaction model A ϩ B 7 AB (40) .
An ELISA-derived interaction assay was used (12) to evaluate the ability of Ls-eIF4E proteins to bind the whole wheat 4G protein. Plates were coated with eIF4E proteins (wild type, E91A, W94A, G156A, and E157A) diluted (5 g/ml) in carbonate buffer (Na 2 CO 3 , 15 mM; NaHCO 3 , 35 mM). After overnight incubation at 4°C, the plates were washed and saturated with 10% fetal bovine serum in phosphate-buffered saline (1 h at room temperature) before incubation with wheat eIF4G (10 g/ml in phosphate-buffered saline-Tween fetal bovine serum 0, 2%; 1 h; 4°C). Interactions were revealed with polyclonal antibodies against eIF4G (1/1,000; 2 h; 37°C). Titrations of the coated proteins were assessed using polyclonal antibodies against eIF4E (1/1,000; 2 h; 37°C). Both titration and interactions were followed by anti-rabbit antibodies conjugated to alkaline phosphatase. An ELISA-derived interaction assay was also used to demonstrate the interaction of LMV VPg with Ls-eIF4E (63) . This assay was used to monitor the interaction of LMV VPg with Ls-eIF4E 0 and the surface mutants. Yeast complementation. Saccharomyces cerevisiae strain J055 (cdc33-⌬: LEU2 Leu2 ura3 his3 trp1 ade2 [YCp33supex-h4E URA3]) contains a deletion of the chromosomal gene coding for eIF4E, and therefore, its survival depends on the presence of plasmid YCp33supex-h4E URA3 containing a copy of the human eIF4E cDNA, under the control of the glucose-repressible, galactose-dependent GAL promoter (24) .
The cDNAs encoding each of the Ls-eIF4E mutant forms and the natural allelic forms (4E 0 , 4E 1 , and 4E 2 ) were independently transferred into the yeast-E. coli shuttle Trp-selectable vector p426GPD (45) for expression in yeast under the control of the constitutive GPD Gal10 promoter and then transferred into strain J055. Following selection on medium containing galactose, complementation for eIF4E function was performed on glucose-containing media.
Molecular modeling. All models were built through the interface of Swiss-PDB viewer 3.7. Calculations were submitted to Swiss Model Workspace, an automated protein-modeling server (http://swissmodel.expasy.org). Amino acid candidates for mutations were chosen after modeling the lettuce eIF4E using the murine eIF4E (Protein Data Bank accession no. 1ej1) as a template. During finalization of this article, the 3D structure of wheat eIF4E (Protein Data Bank accession no. 2idr) was made available (42) . The calculations were repeated using the wheat structure. The returned scores were not significantly different from those obtained with the murine protein as a template. Models were evaluated by means of the Model Assessment package provided by SWISS-MODEL (3, 22, 71) .
RESULTS
Three classes of amino acid mutations were introduced into eIF4E. The amino acid sequences of eIF4E from various eukaryotes have been identified, including yeast, human, mouse, rabbit, fruit fly, and several plant species, among which were the model A. thaliana (62) and the crop species wheat (39), lettuce (48) , pepper (64), tomato (69) , and pea (18) . The most conserved region in the eIF4E sequences lies in the central region ( Fig. 1) , which is directly involved in the cap-binding process, whereas the N terminus varies in length, shows little or no conservation, and is not required for cap-dependent translation in vitro (38) . Results from previous mutagenesis experiments done on mammalian (43) and yeast (2) eIF4Es, together with the 3D modeling of eIF4E complexed with analogues of its natural ligands, allowed progress in understanding the mechanistic bases for eIF4E interactions with the mRNA 5Ј cap, translation initiation factors, and regulatory proteins (37, 38) . The cocrystal structure of eIF4E with an eIF4G-derived oligopeptide mimicking the eIF4E-binding domain provides a basis to establish the points of contact between eIF4E and its molecular partners during translation initiation. On the convex side of eIF4E, highly conserved surface-accessible residues were identified, which participate in the eIF4G recognition domain (38) . In murine eIF4E, changing W93 into alanine prevents interaction with human eIF4GI in vitro and in vivo (55) . This was also demonstrated for yeast eIF4E (54) . We used this information to design the first class of mutations directed against amino acids predicted to be involved in the eIF4G-binding ability of the lettuce eIF4E (E91A, G156A, E157A, and W94A) ( Fig. 2A) . In lettuce, according to this model, W94 and G156 are predicted to contribute to the nonpolar part of this surface, while E91 and E157 contribute to its acidic part. These conserved surface features, therefore, may be important for the lettuce eIF4E interactions with eIF4G.
The second class of mutations (W64A, W77L, W123A, R173A, W182A, and S223L) was designed to affect recognition of the cap structure (Fig. 2B ). According to the 3D model of the mouse eIF4E (38) , m 7 GDP recognition by lettuce eIF4E is mediated by -stacking between the guanine of the base of the cap structure and the side chains of the conserved residues W77 and W123. A van der Waals contact between the guanine N7-methyl group and the conserved W182 tightens this interaction. Other residues, like W64 and R173, are also involved in cap binding (38) . Finally, it was proposed in mammals that phosphorylation of the serine corresponding to S223 in the lettuce eIF4E could have a stimulatory effect on m 7 GTP binding activity (38) .
The third class of mutations (F65A, R82L, Y113A, and A174P) (Fig. 2C ) was directed against amino acids predicted to map on the outer surface of eIF4E in the 3D vicinity of the amino acids related to potyvirus resistance in pepper, lettuce, and pea. This domain is located near the cap recognition pocket, on the face of eIF4E opposite to the eIF4G-binding site (48) . Recently, the 3D structure data obtained for the wheat eIF4E confirmed that the residues known to be involved in potyvirus or bymovirus resistance are largely on the surface of eIF4E (42) . In lettuce eIF4E, the only amino acid differing between eIF4E 0 and eIF4E 2 , A70P (mo1 2 in Fig. 2 ), was predicted to be part of the loop between beta sheets 1 and 2, while the 3 amino acids Q108-G109-A110, replaced by a single histidine in eIF4E 1 (mo1 1 in Fig. 2 ), are located in the neighboring loop.
F65 and R82 are predicted to lie in two beta sheets (S1 and S2, respectively) ( Fig. 1) near the loop between S1 and S2, with their side chains protruding on the outer surface of eIF4E (Fig.  2C) . Amino acid changes in this loop, near the cap recognition pocket, are directly associated with resistance to potyviruses in pepper, lettuce, and pea (18, 48, 64) and to bymoviruses in barley (73) . In lettuce and pepper eIF4Es, another class of mutations associated with potyvirus resistance are located in the loop between H1 and S3 (Fig. 1) . The Y113A mutation was designed to disturb the S3 short strand in order to slightly alter the surface topology in this area. Finally, to test the involvement of the third loop forming the edge of the cap-binding pocket, S5-S6, A174P was introduced.
LMV-0 is an isolate that is unable to accumulate and pro- duce symptoms in a mo1 1 and mo1 2 background. All the recombinant LMVs are derived from this non-resistance-breaking isolate and contain the lettuce eIF4E coding region as a translational fusion between the viral P1 and HcPro domains that is proteolytically processed in vivo to yield the free proteins (19, 48) . The insertion of wild-type cDNA or each of the 14 mutant eIF4E cDNAs resulted in infectious recombinant LMV, as shown by symptom development after biolistic inoculation of the susceptible lettuce variety Trocadéro (data not shown). This was also the case in another susceptible variety, Salinas, which was consistently used as a reference in this study (Table 1) . Therefore, neither the wild-type nor the mutated eIF4E inserts seemed to have strong adverse effects per se on accumulation of the carrier LMV in vivo.
Mutations in the eIF4G-binding area do not affect the ability of eIF4E to restore LMV susceptibility in mo1 plants. The recombinant viruses LMV-4E-E91A, -W94A, -E157A, and -G156A were inoculated into susceptible or resistant lettuce plants. The timing of symptom appearance and the accumulation of virus progeny 15 days p.i. were compared to those of nonrecombinant LMV and LMV-4E 0 . The persistence of the eIF4E insert in the replicating virus during the course of all of the experiments was confirmed by reverse transcription-PCR and expression of the 4E mutants controlled by Western blot assays in Trocadéro (data not shown).
In all host genotypes, 7 to 10 days after inoculation with these constructs, a faint vein clearing became evident in emerging leaves, followed by mosaic symptoms 2 to 3 days later (data not shown). The timing and severity of the symptoms induced by these four mutants were similar to those of LMV-4E 0 (Fig.  3) . Indeed, the expression from its genome of Ls-eIF4E 0 rendered LMV-4E 0 able to overcome the resistance associated with mo1 1 and mo1 2 (induction of symptoms and virus accumulation), contrary to the wild-type nonresistant breaking LMV isolate from which it derives. Accumulation of the recombinant viruses was estimated by ELISA and expressed as a percentage of the average value measured for LMV in Salinas. In the susceptible genotypes Salinas and Trocadéro, all four mutants accumulated to similar levels ( Fig. 4A and data not shown). In the mo1 varieties Mantilia, Salinas 88 ( Fig. 4A and Table 1 ), and Floribibb (data not shown), there was no significant difference in accumulation, except in the case of LMV-4E-G156A, whose accumulation in Salinas 88 was 65% of the titer measured for LMV-4E 0 . Table 1 summarizes these results and shows that the four eIF4E mutations designed to affect eIF4G binding did not strongly affect the biological properties (74) . Conserved amino acids are marked by asterisks below the alignment, and the structural features in the mouse eIF4E (38) are shown and labeled above the alignment (-Sx-, beta sheet; ϳHxϳ, alpha-helix). The numbers in parentheses on the left of the alignment show the numbering of the mouse and lettuce eIF4E sequences. The amino acids that have been mutated in the lettuce eIF4E are shown in boldface; mutated amino acids predicted to be involved in the eIF4G-binding ability of eIF4E are underlined, mutated amino acids supposed to affect recognition of the cap structure are boxed, and mutated amino acids located at the outer surface of eIF4E are in italics. The black boxes indicate the locations of amino acids differing in Ls-eIF4E 1 (QGA in Ls-eIF4E 0 deleted and replaced by H in Ls-eIF4E 1 ) and Ls-eIF4E 2 (A in Ls-eIF4E 0 replaced by P in Ls-eIF4E 2 ).
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of the derived recombinant viruses. E91A, W94A, E157A, and G156A were therefore still able to restore full LMV susceptibility in lettuce genotypes containing mo1 1 and mo1 2 , suggesting that in lettuce, these mutations do not interfere with the function of eIF4E in the LMV cycle. To confirm that the mutations introduced had the expected biochemical effect, the abilities of the mutant eIF4Es to bind eIF4G were assayed. All eIF4G factors, including plant factors, display an eIF4E-binding motif, YXXXXL⌽, where X represents any amino acid and ⌽ is a hydrophobic residue. In mammals, this motif interacts with the dorsal surface of eIF4E (37, 38) . Oligopeptides containing this eIF4E-binding motif bind eIF4E (36) . As no full-length lettuce eIF4G sequence is currently available, an oligopeptide, pep4G, was synthesized according to the Arabidopsis eIF4G sequence and was tested for its ability to bind lettuce eIF4E (40) . In mammalian eIF4E, the homologue of the lettuce W94 is in close contact with the peptide (37, 38) . Therefore, we hypothesized that binding of eIF4G or pep4G might affect the W94 fluorescence of lettuce eIF4E. We first tested this hypothesis using lettuce eIF4E produced as a histidine fusion in E. coli and purified by affinity chromatography. When increasing concentrations of pep4G were added to purified eIF4E 0 , a fluorescence decrease proportional to the amount of complex formed was observed, leading to a saturation plateau, while the fluorescence signal did not show significant changes upon addition of an unrelated protein, bovine serum albumin (data not shown). This indicated that pep4G affected the fluorescence of lettuce eIF4E in a specific manner, as expected if the close environment of W94 was changed by the interaction with this peptide. A dissociation constant of 0.11 Ϯ 0.01 M was deduced from the data collected with eIF4E 0 (Table 2) . A similar measurement of pep4G binding to a preformed eIF4E-m 7 GTP binary complex resulted in tighter binding of pep4G, with a K d of 0.06 M (data not shown); this was in accordance with data previously reported in the mouse (49) and confirmed that pep4G functionally mimicked the eIF4G binding
a Ϫ, no difference with LMV-4E 0 ; *, delay of more than 3 days after emergence of symptoms induced by LMV-4E 0 ; **, more than 6 days; ***, more than 14 days. b Ϫ, no significant difference in accumulation compared to LMV-4E 0 ; *, reduction of more than 15%; **, more than 40%; ***, more than 70%; Ͼ, accumulation increased compared to that of LMV-4E showed that pep4G binding was affected quantitatively, but not abolished, for these three eIF4E mutants (Table 2) .
To confirm these results, and to test eIF4G binding of the mutant W94A, we developed an ELISA based on interaction of Ls-eIF4E with wheat eIF4G produced in E. coli. solid bars) were inoculated with LMV-4E carrying the different mutations. The average number of days for symptom emergence is given for each mutant, with the standard deviation, for at least three independent experiments, each involving at least three plants. The mutants are ordered in three classes as described in the text. The arrows indicate that in some experiments, symptoms never appeared, not allowing the calculation of a standard deviation; however, the number of days for symptom emergence observed in a single experiment where they did appear is given. The asterisks indicate that the data were significantly different from the LMV-4E 0 reference (P Ͻ 0.01, according to a Student test; this could not be calculated for the bars with arrows). WT refers to the nonrecombinant LMV, which never expressed symptoms in Salinas 88 and Mantilia during the time courses of all experiments. were precoated with purified eIF4E and incubated with purified wheat eIF4G. Figure 5A shows that the amounts of coated protein were equivalent for all proteins. Figure 5B shows that the wild-type Ls-eIF4E interacted with wheat eIF4G, while the optical-density signal was drastically reduced in the case of the interactions between eIF4E mutated forms and eIF4G. Therefore, wheat eIF4G binding of the four Ls-eIF4E mutants was strongly affected compared to wild-type Ls-eIF4E but not fully abolished.
Binding to lettuce eIF4G could not be assayed due to the unavailability of this protein in a purified form. However, our results with an oligopeptide and wheat eIF4G suggest that the mutations introduced had a debilitating effect on eIF4G binding, which contrasts with their lack of effect in the virus cycle. Therefore, either eIF4G binding is not required for the function of eIF4E in the virus cycle or the weak interaction still detectable in the mutants is sufficient to achieve this function. Both alternatives show that binding of eIF4G to eIF4E is not a limiting step in the virus cycle.
The abilities of eIF4E to bind a cap analogue and to restore LMV susceptibility in mo1 plants can be uncoupled. In order to check the effect of the "cap-binding" mutations on the abilities of the corresponding eIF4Es to restore LMV susceptibility in resistant lettuce, the six recombinants, LMV-4E-W64A, -W77L, -W123A, -W182A, -R173A, and -S223L, were inoculated into susceptible mo1 1 and mo1 2 lettuce plants, and the timing of symptom emergence, virus accumulation, and the stability of the inserted sequence were monitored as described above. In both mo1 1 and mo1 2 genotypes, typical LMV infection symptoms appeared in plants inoculated with LMV-4E 0 7 to 14 days after inoculation, while as expected, nonrecombinant LMV caused symptoms only in the susceptible genotype.
According to their capabilities to restore the ability of LMV to cause symptoms in mo1 1 and mo1 2 genotypes, the "capbinding" mutants could be separated into two main groups. The first group includes W123A and S223L, which have the same ability as eIF4E 0 to restore LMV symptom expression (Fig. 3) 3) and Floribibb (data not shown). Symptoms were consistently restored by these mutants in Mantilia, whereas in Salinas 88, symptoms developed only once in three experiments for mutants R173A and W182A and twice for W64A. The absence or delay in symptom emergence for W64A, W182A, and R173A was correlated with a very weak accumulation of the corresponding recombinant LMV in Salinas 88 (Fig. 4B and Table  1 ). Unlike the previous recombinants, LMV-4E-W77L was more affected in Mantilia and Floribibb (mo1 1 ) than in Salinas 88 (mo1 2 ), as it accumulated at a level comparable to that of LMV-4E 0 in Salinas 88 while no accumulation was detected in Mantilia ( Fig. 4B and Table 1 ) and Floribibb (data not shown).
In summary, the "cap-binding" mutants W64A, W77L, W182A, and R173A were affected, although in various ways, in their abilities to restore LMV infectivity in the resistant genotypes, suggesting that amino acids W64, W77, W182, and R173 are probably involved in the function of eIF4E in the virus cycle. The abilities of these mutations to interfere with cap binding were confirmed by affinity chromatography to a cap analogue. For this purpose, mutant and nonmutant eIF4Es were produced in E. coli as described above. After purification by ion metal affinity chromatography on a Ni 2ϩ -bearing sub- strate, the cap-binding ability of each eIF4E protein was examined by affinity chromatography using m 7 GTP-Sepharose 4B (Fig. 6 ). The abilities of mutants W64A, W123A, and W182A to bind the cap analogue were completely abolished, confirming the role in cap binding of these amino acids located within the cap-binding pocket. W77L was aimed at one of the base-stacking tryptophans. Its association with free m 7 GTP was quantified using a spectroscopic method analogous to the one used for quantifying the pep4G-eIF4E interaction. Its ability to bind the cap analogue was affected (
but not completely abolished. Finally, the ability of R173A (K d ϭ 0.3 Ϯ 0.05 M) to bind the cap analogue was not affected despite its mutation in the cap-binding pocket at a position predicted to be indirectly involved in cap binding, based on homology with the murine eIF4E.
Therefore, in mutant R173A, the ability to rescue LMV accumulation in a mo1 background was absent despite a full cap-binding capacity. On the other hand, W123A was able to restore LMV accumulation while apparently completely devoid of any cap-binding capability. Together, these observations suggested that the role of eIF4E in the LMV cycle could be functionally uncoupled from cap binding.
Mutations at the outer surface of eIF4E affect its ability to restore LMV accumulation in a mo1 background. In order to check the effect of the third class of mutations on the capability of the corresponding eIF4Es to restore LMV susceptibility in resistant lettuce, four recombinant viruses (LMV-4E-F65A, -R82L, -Y113A, and -A174P) were inoculated into susceptible, mo1 1 and mo1 2 lettuce plants and evaluated as described above. As before, no adverse effect of the insertion was detected in the susceptible variety Salinas (Table 1) .
In mo1 1 and mo1 2 genotypes, two mutations, Y113A and A174P, had no effect compared to wild-type eIF4E (Fig. 3 and  4C , Table 1 , and data not shown for Floribibb). LMV-4E-R82L behaved essentially like LMV-4E 0 , except in one experiment of three, when it accumulated to low levels and did not induce symptoms in Salinas 88 and Mantilia (Table 1) . LMV-4E-F65A was affected in its ability to induce symptoms in both Salinas 88 and Mantilia (Fig. 3 and Table 1 ). Furthermore, in Salinas 88, accumulation levels were highly variable from one plant to another (Fig. 4C) , although neither modification nor deletion in the Ls-eIF4E mutant insert had occurred in the viral progeny in those plants. In summary (Table 1) , amino acids F65 and, to a lesser extent, R82 seemed to be involved in the ability of eIF4E 0 to complement LMV infection in resistant lettuce. Since cap binding could have been indirectly affected by these mutations, which occurred at the outer surface of eIF4E, we assayed the mutants' cap-binding abilities as described above. The mutants F65A and R82L were not adversely affected for cap binding (K d ϭ 0.75 Ϯ 0.05 M and K d ϭ 0.41 Ϯ 0.03 M, respectively), and the mutant A174P was significantly affected but still retained its ability to bind the cap analogue (K d ϭ 1,56 Ϯ 0.17 M) ( Table 2 ).
The abilities of the mutations F65A, R82L, and A174P to interfere with VPg binding were tested in vitro. An ELISA was developed, based on the interaction of the recombinant protein Ls-eIF4E with VPg produced in E. coli (63) . Plate wells were coated with purified eIF4E (wild-type or mutant form) and incubated with purified VPg. We checked that the amounts of eIF4E were equivalent for all proteins. Five independent experiments were done, showing that the optical-density signals obtained for the interaction between the wild-type Ls-eIF4E and VPg were not significantly different from those obtained with the F65A, R82L, and A174P mutants. These mutations did not abolish the interaction between Ls-eIF4E and VPg in this ELISA system (data not shown).
Fluorescence spectroscopy was performed to compare the strengths of VPg binding to these mutants on a more quantitative basis (40, 63) . This method confirmed the ELISA in that the three F65A, R82L, and A174P mutants were able to bind VPg. However, their affinities for the virus protein were significantly decreased with respect to the wild-type form of eIF4E 0 . The replacements of F65 and R82 on the protein were associated with 10-and 5-fold increases of the dissociation constants, respectively (Table 2 ). This effect might be correlated with the biological observations mentioned above for F65A and, to a lesser extent, for R82L. Surprisingly, the effect of A174 substitution on the binding, although not correlated with a clear biological effect, was even more drastic. In vitro measurements do not mimic the plant biological environment. Moreover, dissociation constants in the micromolar range still reflect rather strong interactions. This might be sufficient to ensure the eIF4E-VPg complex-associated functions in planta. However, the F65A mutation, which affects eIF4E structure in another location, might induce the formation of a totally nonfunctional complex between eIF4E and VPg. FIG. 6 . Effects of the mutations introduced on eIF4E cap binding. Mutant (W64A, W77L, W123A, R173A, W182A, and S223L) and wild-type (wt) lettuce eIF4E 0 proteins were expressed as histidine fusions in E. coli, purified by Ni 2ϩ affinity chromatography, assayed for cap binding by m 7 GTP affinity chromatography, and revealed by Western blotting using an antibody directed against lettuce eIF4E. FT, first washing of the m 7 GTP affinity chromatography, immediately after loading; W, last washing; E, eluate. The electrophoretic positions of molecular mass markers are shown on the left.
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Assessment of the functionalities of eIF4E mutants by complementation in yeast.
The functionalities of the Ls-eIF4E mutants for translation initiation and/or other essential functions in vivo were evaluated in yeast (S. cerevisiae), using a rescue assay. For this purpose, the haploid yeast strain J055 expressing the human eIF4E was transformed with each of the mutant forms. Since the production of human eIF4E in this system is galactose dependent and undetectable in medium containing glucose, the strain allows the assessment of the functionality of any cDNA encoding a functional eIF4E under the control of a promoter active in glucose (24) . Figure 7 shows that the three natural Ls-eIF4E cDNAs (4E ) lettuce allowed the functional complementation of yeast clones growing on glucose, in a manner similar to that of A. thaliana eIF4E1 (At4E). Therefore, the Ls-eIF4E factors are able to fulfill all the functions related to growth in a heterologous species, including mRNA translation, and the amino acid differences in Ls-eIF4E 1 and Ls-eIF4E 2 do not impede essential eIF4E functions. Eight of the Ls-eIF4E mutants did not allow yeast growth (Fig. 7) . Indeed, the eIF4G-binding mutant E157A; five capbinding mutants, W64A, W77L, W123A, R173A, and W182A; and two outer-surface mutants, F65A and A174P, were not functional in supporting mRNA translation and growth in yeast.
Amino acids W64, W77, R173, and W182 seemed to be involved in both the function of eIF4E in the virus cycle and mRNA translation initiation (Table 3) . Our affinity chromatography assays showed that these mutations interfered with cap binding, which could explain the lack of complementation for yeast mRNA translation. However, despite a full cap-binding capacity, the mutant R173A was not able to rescue both yeast growth and LMV accumulation, suggesting that another property of eIF4E could be affected to result in the loss of its main biological function. Furthermore, eIF4E 1 and eIF4E 2 failed to complement virus infection, although they were totally functional for yeast growth, unlike the mutants E157A, W123A, and A174P, which could not support yeast growth but allowed virus replication (Table 3) . Together, all these observations suggested that the roles of eIF4E in the potyvirus cycle and in mRNA translation could be functionally uncoupled.
DISCUSSION
This study, which combined biological and biochemical analyses, reported the mutagenesis of eIF4E 0 isolated from a susceptible lettuce variety, and the ectopic expression of the mutant forms from the LMV genome, to identify eIF4E amino acids that are important for the virus cycle. In parallel, the yeast "knockout-and-rescue" system was used to assess the FIG. 7 . Assessment of the abilities of Ls-eIF4E wild-type and mutant forms to promote mRNA translation in S. cerevisiae. The S. cerevisiae strain J055 was transformed with the Ura-selectable nonrecombinant vector p426GPD (negative control; C-), p426GPD containing cDNA encoding Ls-eIF4E derivatives, and A. thaliana eIF4E1 (At4E; positive control). The growth of pure (1ϫ) and 10ϫ, 100ϫ, and 1,000ϫ dilution cultures was assessed for each yeast clone following incubation at 30°C for 96 h in medium containing glucose (synthetic dropout glu ϪUra ϪTrp). The same dilutions were assessed in parallel in medium containing galactose (SD gal/raf ϪUra ϪTrp) to check that all the transformed cells grew equivalently in a nonselective medium (data not shown). At least four independent experiments were done and produced similar results. 
a Estimated by cap affinity chromatography. b ϩ, present; Ϫ, absent; Ϯ, binding is affected, but not fully abolished; NT, not tested.
c ϩ, the eIF4E form is able to complement LMV infection in resistant plants; Ϫ, no complementation occurs.
d 10ϫ serial dilutions of yeast strain J055 transformed with plasmids p426GPD-4E were plated on glucose selective medium. ϩ, 100ϫ or 1,000ϫ dilutions grew on glucose-containing medium; -, these dilutions did not grow (behavior was identical to that of the negative control, cells transformed with the plasmid p426GPD); *, in only one experiment of 4 did cells grow for a 10ϫ dilution, but none grew for the 100ϫ and 1,000ϫ serial dilutions.
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functionality of each of the mutant forms for mRNA translation initiation and/or other essential functions in vivo. Among the six mutations designed to affect the cap-binding ability of lettuce eIF4E, four highly conserved tryptophans were changed to nonpolar residues. As expected, the capbinding abilities of the mutants W64A, W123A, and W182A were significantly affected, and accordingly, these mutations impeded essential eIF4E functions in S. cerevisiae. In particular, we confirmed the importance for cap binding of W64 and W182 of the lettuce eIF4E, which correspond to W46 and W166 in yeast eIF4E, 2 residues required for cap binding (2) . The mutagenesis of W77 into leucine, one of the residues directly involved in cap binding through base stacking and apparently present in all eukaryote eIF4Es (26) , was associated with a strong decrease, but not a complete loss, of the capbinding ability; however, it was sufficient to impede complementation in yeast. Our quantification experiment is in agreement with the 80% decrease in cap-binding ability previously reported for the equivalent mutation performed in human eIF4E (43) . The S223L mutation did not affect the ability of eIF4E to bind the cap analogue. Phosphorylation of the homologous serine in mammalian eIF4E is thought to regulate cap binding in a controversial fashion (41, 70) . However, this could not be addressed in our bacterial expression system, devoid of proper phosphorylation ability, but our chromatography data confirm that cap binding can occur even without a serine at this position. The R173A mutation did not affect cap binding, despite its predicted role in stabilizing the cap-binding pocket in the mouse eIF4E (38) . To our knowledge, this property has not been confirmed experimentally, and our experiments show that replacement of R173 with an uncharged amino acid results in full capacity of Ls-eIF4E to bind the cap in vitro. However, the fact that this mutation abolishes yeast complementation suggests that this amino acid position is required for eIF4E activity in vivo.
Among the mutations designed to alter eIF4G binding, E91A, W94A, and G156A affected but did not abolish the interaction with pep4G or wheat eIF4G in our in vitro assays. These amino acids correspond, respectively, to E72, W75, and G139 in yeast eIF4E and were shown to be key residues involved in the eIF4G binding site, as their replacement by alanine or phenylalanine disrupted eIF4E-eIF4G association (54) . Here, we showed that the equivalent residues in lettuce eIF4E are similarly important for eIF4G binding in vitro. However, these mutations did not affect the functionality of lettuce eIF4E in supporting yeast growth. The replacement of E157 by an alanine in E157A affected eIF4G binding and also abolished yeast growth, unlike the previous mutants. Surprisingly, mutagenesis of yeast eIF4E at the equivalent position (E140) had no effect on eIF4G binding in vitro (54) . This apparent discrepancy between yeast and lettuce could be explained by differences in the biochemical assays used to test eIF4G binding in vitro.
The F65A mutation is close to the natural sequence variations linked to potyvirus resistance in several crop species (18, 48, 64, 73) . This substitution had a negative effect on virus replication in plants, cap binding (3-fold reduction), VPg binding (10-fold reduction), and yeast complementation. F65 maps on the protein surface opposite to the opening of the cap-binding pocket. Modeling the lettuce eIF4E using the wheat eIF4E structure (42) suggests that the F65A substitution impacts the orientation of Y113 and, in turn, the bottom of the cap-binding pocket. This could be related to the lack of yeast complementation by F65A and, taken together, suggests a mechanism by which a mutation at the external surface of eIF4E can impact internal biochemical properties and the related in vivo properties of the protein. It is noteworthy that the Y113A mutation did not impact negatively on virus infection, while it is located in the same loop, H1-S3, as the natural variation found in mo1 1 . This suggests that not all substitutions in this loop affect the ability of eIF4E to promote potyvirus infection.
Several possible roles of eIF4E in the potyvirus cycle have been proposed based on its known biological and biochemical features (18, 32) . The main function of eIF4E is to bind the cap at the 5Ј mRNA end, promoting its recruitment by the ribosomal machinery, although other functions in cell growth and the cell cycle have been identified (13) . As the natural sbm1-and pvr1-encoded eIF4E variants associated with potyvirus resistance in pea and pepper are devoid of cap-binding ability (18, 27) , a link, structural or functional, was suggested between these two properties. The experiments reported here functionally dissociated cap binding from the promotion of potyvirus infection, since the eIF4E W123A mutant clearly demonstrated that it could not bind the cap structure and complement yeast, whereas it was fully able to support LMV replication. In this respect, our results extend those of Kang et al. (27) showing that the pvr2 1 -and pvr2 2 -encoded eIF4E proteins maintain in vitro cap-binding activities. Therefore, although a number of natural eIF4E variants (18, 27) and in vitro mutants (this work) accumulate both defects, in that they fail both in binding cap structures and in supporting potyvirus infection, the function of eIF4E in the potyvirus cycle might be distinct from its physiological function of binding the cap structure at the 5Ј ends of mRNAs to initiate translation.
In the infection cycle, it was proposed that eIF4E could play the same role as in translation of the cellular mRNAs (10), through interaction with VPg, which would functionally replace the cap in potyvirus mRNAs (30, 32) . VPg has been shown to interact with eIF4E in several plant-potyvirus systems (7, 33, 63, 69, 75) and to play a key role in overcoming several unrelated host resistance genes from distinct plant families (8, 11, 44, 56, 57) . This could be simply interpreted as the 5Ј VPg of potyvirus RNAs functionally playing a role equivalent to the 5Ј cap of cellular mRNAs, as recently shown for an animal calicivirus (21) . The translation of several potyvirus RNAs is cap independent (6, 35, 50) but is nevertheless eIF4G dependent (17) . The implication of eIF4G in plant virus infection was demonstrated in the case of natural resistance in rice against a sobemovirus, Rice yellow mottle virus (1) , and in reduction of the accumulation of a cucumovirus, Cucumber mosaic virus, in A. thaliana cum2 mutants (78) . Furthermore, we recently showed that in A. thaliana eIF4E and eIF4G factors are both recruited for potyvirus infection, including LMV (47) .
A possible implication of eIF4E in the virus cycle could be to allow RNA circularization by interaction of the 5Ј VPg with the 3Ј poly(A), mediated by the same protein complex as in mRNA translation, namely, eIF4E-eIF4G-PABP. Besides a role in translation, genome circularization may be required for virus RNA replication or other processes of the virus cycle. Indeed, genome circularization is an important feature of the replication of picornaviruses (23), relatives of potyviruses that infect animal hosts. Three mutations of lettuce eIF4E that had adverse effects on the binding of pep4G and wheat eIF4G in vitro were associated with an apparently full functionality for the virus cycle and mRNA translation in yeast. This could suggest that genome circularization, if it is required for potyvirus translation and/or replication, might not need the assembly of an eIF4F complex through a physical interaction between eIF4E and eIF4G. Alternatively, assembly of eIF4F in vivo might be less affected than it is in vitro by the eIF4E mutations introduced, in relation, for instance, with different biochemical and/or structural environments. An interaction between PABP and the TuMV VPg-Pro was demonstrated in planta (34) , suggesting that potyvirus RNA circularization could be a shortcut for eIF4F, leaving another functional meaning for the binding of eIF4E to VPg.
Through its interaction with VPg and possibly other host and virus factors, eIF4E might be involved in the control of the successive fates encountered by the viral RNA, such as intracellular and cell-to-cell trafficking or encapsidation. In pea and pepper, eIF4E assists potyvirus cell-to-cell movement (4, 18) . In mo1 lettuce, grafting experiments showed that while the systemic movement of LMV is severely impaired, neither phloem loading nor phloem unloading is completely inhibited (19, 20) .
These phenotypes could result either from a direct involvement of eIF4E in movement or from an effect on virus accumulation that might have pleiotropic effects on virus invasion, such as lack of replication in defined tissues and cells. The eIF4E mutants characterized in this work will be useful to unravel unknown aspects of the relationships between eIF4E and its cellular and viral ligands.
